Alcohol consumption during pregnancy is still a cause of preventable birth defects and developmental disabilities. However, little is known about the impact of ethanol on preimplantation embryos and the molecular mechanisms involved. We aimed to determine the toxicogenomic impacts and the mechanisms involved in preimplantation embryonic survival following 0.2% ethanol exposure in porcine embryos. Gene expression changes were measured with a porcine embryo specific microarray and confirmed by RT-qPCR. When compared with control, ethanol exposure led to a 43% decrease in blastocyst rate and activated pathways associated with oxidative stress and nervous system damage, such as TP53 and TGF. Moreover, we observed a mitochondrial dysfunction in the exposed embryos as revealed by the decrease in Mitotracker Red fluorescence intensity (25 and 41% in 4-cell embryos and blastocysts, respectively) and a modification in the expression of GABRB3, APP, CLU, and MIOX genes. We therefore present evidence of neuronal-like adverse effects on undifferentiated cells suggesting that fetal alcohol spectrum disorder could have its origin as early as in the first week postfertilization.
Alcohol consumption during pregnancy is still an important cause for birth defects and developmental disabilities (Green et al., 2016) . The numerous possible consequences include, among others, birth defects, spontaneous abortion, preterm birth, and impaired neurobehavioral development (Popova et al., 2016) . Recently, elegant studies revealed some of the mechanisms involved in the fetotoxicity of ethanol. It was found that retinoic acid signaling, stress response genes, glucocorticoid signaling, neurotransmitters, calcium signaling, Wnt signaling, and the mitogen-activated protein kinase cascade were affected in fetuses following ethanol exposure (Goodlett et al., 2005) . Furthermore, animal model experiments revealed that developmental exposure to alcohol reduces the size of the cerebellum and induces apoptosis of 2 major populations of neurons in the cerebellum: the Purkinje cells and the granule cells (Maier et al., 1999) . Interestingly, the large number of studies confirming the adverse effects of ethanol on the fetus led to prenatal and perinatal interventions, public health prevention campaigns, and to a self-awareness of women to limit alcohol consumption during pregnancy (CDC, 2016) .
On the other hand, little is known about the impact of ethanol on preimplantation embryos, although the vulnerability of the early embryo in regard to environmental stress has previously been assessed. As detailed in a recent literature review, the postimplantation period is characterized by a rapid proliferation of cells in order to produce sufficient amount of hormones to sustain further development (Puscheck et al., 2015) . However, stress-induced apoptosis of embryonic cells prior to implantation limits the capacity to proliferate rapidly and this could result in adverse effects or embryonic loss. The preimplantation period is also characterized by the transformation of ultraspecialized cells, the gametes, into the least differentiated cell type possible, the zygote. This change involves genomic, epigenomic, and mitochondrial reorganization over the preimplantation period that renders the embryo extremely sensitive to its environment (Feuer et al., 2014) . Stress exposure during this critical period of time multiplies the genomic errors and diverts energy away from the high energy requirements of normal development (Puscheck et al., 2015) . Given these facts, we believe that the preimplantation embryo is highly sensitive to ethanol, an oxidative stressinducing toxicant. However, little is known about the specific effects of ethanol on reorganization within the embryo.
Ethanol concentration in the oviduct fluid, the preimplantation environment, is directly proportional to that of the blood (De Martinis et al., 2006) . In animal models, early embryo exposure to alcohol had varying effects depending on the duration of exposure, the concentration, and the stage of development (Randall, 1987) . For example, chronic consumption of 10% ethanol during the peri-implantation period reduced the blastocyst rate in mice while direct exposure of zygotes and embryos to 0.1% ethanol increased it (Perez-Tito et al., 2014) . However, no information is available regarding the molecular pathways affected in the mammalian preimplantation embryo following ethanol exposure. Consequently, guidelines regarding alcohol consumption in early pregnancy, a period during which women have not yet recognized their pregnancy, have been slow to foster public attention and there is a low awareness of the risks associated with exposure of preimplantation embryos to ethanol (IARD, 2016) . To illustrate this point, nearly 75% U.S. women who were trying to get pregnant reported recently drinking alcohol, putting them at risk of exposing their embryo to alcohol (Green et al., 2016) . Additionally, the health advice may not be followed by women who are not planning to become pregnant even though nearly half of all pregnancies in the United States are still unplanned (Finer and Zolna, 2016) . This gives a cause for concern since the proportion of childbearing age women who reported frequent binge drinking is relatively high (Pederson et al., 2013; Tutenges and Hesse, 2008) . The sensitivity window that is the preimplantation period in regard to ethanol exposure is poorly understood. However, previous studies on folic acid and various diseases showed that events occurring in the first week of pregnancy can have an impact on the embryo and even throughout life (Puscheck et al., 2015) . Based on the assumption that the preimplantation embryo is highly sensitive to environmental stress, it is urgent to better understand the effects of ethanol on the early pregnancy in order to inform the population and to increase awareness towards this situation.
The aim of this study was to assess the early embryo sensitivity to ethanol by using a whole genome gene expression analysis in the pig model as its metabolism closely resembles that of the human. Moreover, in order to better understand the molecular adaptive responses to ethanol-induced stress, this study also aimed to analyze the mechanisms involved in embryo survival.
MATERIALS AND METHODS
All chemicals used in media were purchased from Sigma (St Louis, Missouri) unless otherwise specified. Methods were based on a previously published detailed protocol with few changes (Page-Lariviere et al., 2016) .
Oocyte Recovery and Maturation
Porcine ovaries were obtained from a local slaughterhouse and antral follicles from 3 to 6 mm were aspirated with an 18-G needle attached to a 10-ml syringe. Cumulus-oocyte complexes (COCs) were washed 3 times in Tyrode's lactate-buffered HEPES supplemented with 0.1% polyvinyl alcohol (PVA-TL-HEPES) and were matured for 22 h in North Carolina State University-23 (NCSU-23) medium supplemented with 10 ng/ml epidermal growth factor (EGF), 0.5 mg/ml follicle-stimulating hormone, 0.5 mg/ml luteinizing hormone, 1 mM dibutyryl-cAMP, and 10% (v/v) purified porcine follicular fluid (pFF) in a humidified atmosphere at 38.5 C containing 5% CO 2 and covered with mineral oil (Petters and Wells, 1993) . Matured COCs were then washed, transferred to NCSU-23 medium supplemented with only EGF and pFF, and incubated for another 22 h in the same environment. Cumulus cells were removed by pipetting gently up and down in PVA-TL-HEPES containing 0.1% hyaluronidase. Only oocytes with a visible polar body were selected for fertilization.
Fertilization of Matured Oocytes
Selected matured oocytes were washed and incubated for 4 h in modified Tris-buffered medium (113.1 mM NaCl, 3 mM KCl, 7.5 mM CaCl 2 , 11 mM glucose, 20 mM Tris, 2 mM caffeine, 5 mM sodium pyruvate, and 2 mg/ml BSA) with frozen-thawed boar semen (1 ejaculate from a single boar) and under mineral oil (Abeydeera and Day, 1997; Page-Lariviere et al., 2016) for in vitro fertilization.
Embryo Development and Exposure to Ethanol
A concentration of 0.2% (w/v) (200 mg/dl) ethanol was chosen as the experimental concentration based on previous studies with mouse embryos showing a stimulation of maturation and blastocyst rates following exposure to 0.1% during early development (Stachecki et al., 1994) . The chosen concentration is similar to the concentration measured in the blood of women engaged in binge drinking (Jones and Holmgren, 2009 ). After fertilization, presumptive zygotes were incubated in 500 ml of Porcine Zygote Medium 3 (PZM3) containing either 0 or 2.64 ml of a freshly prepared solution of ethanol 95% in PZM3 (1:1) (0.2% w/v).
After 7 days of development, blastocysts were photographed, counted, visually characterized according to their expansion level. They were then individually transferred to 0.5 ml RNAse/DNAase free tubes to ensure consistent size and quality of the blastocysts for further use, immediately snap-frozen in liquid nitrogen and kept in a À80 C freezer. For each replicate, the blastocyst rate per treatment was determined by dividing the total number of blastocysts by the initial number of presumptive zygotes. Blastocysts were then characterized and classified in 1 of 3 groups according to their state of development. The first group contained the non-expanded blastocysts, which are young blastocysts exhibiting a cavity but without any change in size. The second group consisted of expanded blastocysts having a cavity large enough to increase their global size. Size increase was assessed through side-by-side comparison of the presumptive blastocyst to an arrested embryo. The last group was the matured hatched blastocysts. Embryos were considered hatched when a protrusion outside of the zona pellucida was visible. Each step of the protocol, including the blastocyst collection, was performed at the same time of day for each replicate of the experiment. Each replicate of the experiment included a minimum of 200 presumptive zygotes per treatment (control and ethanol). Twelve independent replicates (2 replicates per week) per treatment were produced, and only nonhatched expanded blastocysts, were used in further experiments. Four out of twelve replicates were used for the RNA microarray experiments and the others served for the validation of the microarray results by reverse transcriptase-quantitative PCR (RT-qPCR). A paired t test was performed using GraphPad (Prism, version 5.00 for Windows, GraphPad Software, San Diego, California, USA) for statistical comparisons of blastocyst and expansion rates (Baldoceda-Baldeon et al., 2014; Franciosi et al., 2016) . A paired t test was performed using GraphPad (Prism, version 5.00 for Windows, GraphPad Software, San Diego, California, USA) for statistical comparisons of blastocyst and expansion rates (Baldoceda-Baldeon et al., 2014; Franciosi et al., 2016) . This test was performed to reflect the variation in the overall blastocyst rate due to the uneven ovaries quality from an experiment to another (interexperiment CV ¼ 37.7%).
Simultaneous DNA/RNA Extraction
For future analyses, blastocysts were pooled in groups of 10. DNA and RNA were extracted simultaneously from 4 pools of embryos per treatment using the AllPrep DNA/RNA Micro Kit (Qiagen) with slight modifications to their initial protocol. Embryos were briefly thawed in lysate buffer and homogenized on QiaShredder columns. The lysate was passed through an AllPrep DNA column to which DNA selectively binds. Washed DNA was then eluted and kept frozen for further use. RNA was applied to an RNeasy MiniElute spin column, washed, and eluted in 13.5 ml of elution buffer. Its quality and concentration were analyzed with a Bioanalyzer (Agilent, Mississauga, Ontario, Canada). All extracted samples were of good quality (RNA Integrity Number >7.5) and were stored at À80 C.
RNA Amplification for Microarrays
Blastocyst RNA samples were linearly amplified using a T7 RNA polymerase amplification approach (T7-IVT) to generate enough material for hybridization. Antisense RNA (aRNA) was produced using the RiboAmp HS RNA amplification kit (Applied Biosystems, Foster City, California, USA) and labelled with Cy3 and Cy5 using the ULS Fluorescent Labeling Kit (Leica, Wetzlar, Germany). Antisense RNA (825 ng per replicate) was hybridized to Agilent-manufactured EmbryoGENE slides in a 2-color dye swap design. After 17 h of hybridization at 65 C, the microarray slides were washed for 1 min in Gene Expression Wash Buffer 1 (room temperature), 3 min in Gene Expression Wash Buffer 2 (42 C), 10 s in 100% acetonitrile (room temperature), and 30 s in Stabilization and Drying Solution (Agilent). Slides were then scanned with the PowerScanner (Tecan, Mannedorf, Switzerland) and a feature extraction was done with Arraypro6.3 (MediaCybernetics, Rockville, Maryland, USA). Intensity files were analyzed with FlexArray.
Analysis of Gene Expression Profile
Background was subtracted from raw fluorescence intensity prior to normalization within (Cy-3/Cy-5) and between each array with Loess and quantile, respectively. Statistical comparison between treatments was performed with the limma algorithm, which attributed to each probe a probability of fold-change difference between treatment and control. Only genes with a fold-change higher than 1.5 or lower than À1.5 and a P < .05 were retained for further analyses (complete results in Supplementary data 1). Data were analyzed with Ingenuity Pathways Analysis (IPA) (Ingenuity Systems, www.ingenuity.com/) which was used to determine upstream regulators as well as top toxicological phenotypes associated with differentially expressed genes between treatment and control. This analysis tool considers the general tendency in gene expression variations including the direction in which each of them tends to move. Therefore, even if all the selected genes cannot be confirmed in qPCR, the software analyzes the concordance between the variation of all the significantly affected genes and signaling pathways as described in the scientific literature. The IPA software then determines the most plausible upstream regulators using Fisher's Exact Test with regard to the results and the usual context in which the same genes are affected.
Replication Study of Selected Genes by RT-qPCR
In order to validate the results obtained by RNA microarray, we performed RT-qPCR analysis on selected differentially expressed genes. The RNA from 8 new pools of embryos was extracted using the PicoPure RNA Isolation Kit (Life Science, New York) and reverse transcribed using oligo-dT primers and a qScript Flex cDNA Synthesis Kit (Quanta Biosciences, Beverly, Massachusetts, USA). Specific primers for each selected gene were designed using PrimerQuest (Integrated DNA Technologies, Inc., Iowa), and qPCR was performed using the LightCycler 480 SYBR Green I Master and the LightCycler 480 System (Roche, Mannhein, Germany). The efficiency of each primer pair was evaluated by performing a standard curve with the PCR product as template diluted from 1 pg to 0.1 fg. Normalization was done with the DDCT method using 2 housekeeping genes specific for porcine blastocysts: TAF11 and RPN1. Wilcoxon matched paired test was performed using Prism for statistical comparisons of RT-qPCR results. Primer sequences and accession numbers are provided in Table 1 .
Mitochondrial Membrane Potential Measurement
Mitochondria in 4-cell embryos (n ¼ 20 per group) and blastocysts (n ¼ 14 per group) were stained with the active dye CMXrosamine (Mitotracker Red; Molecular Probes, Eugene, Oregeon, USA) at a final concentration of 200 nM in PZM3 media for 40 min at 38.5 C in 5% CO 2 , according to a published protocol (Baldoceda et al., 2015) . This dye is highly sensitive to the mitochondrial membrane potential, has high affinity for mitochondrial proteins (thiol groups), and exhibits better retention in the organelle compared with other dyes, due to high co-localization with cytochrome C oxidase (Poot et al., 1996) . Embryos were then washed in PBS and fixed in PFA 4% for 15 minutes in the dark and transferred to an optical quality glass bottom in ANXA8 TTCAGTCCCACCTCCATTTAC  ENSSSCG00000010370  GTTGCCATTTGGTCAGGATTAG  MIOX  TACATCATCCGCTTCCACTC  ENSSSCG00000000961  TCACCAGCACAGGACAC  APP  ATGTGAACGTGGGAGTTTAG  ENSSSCG00000012022  CAAATATAGCAGAAGCAGCAATC  CLU  GATGGCGGAGAAGTTCAG  ENSSSCT00000033746  TCCTTAGAAACGTGAGGTTCA  ACADL CTTATGTGGATGCCCGAGTT  ENSSSCG00000016156  TAGTGTTCCCTCCCTTTCCA  GABRB3 AGCAATCCAGTACAGGAAAC  ENSSSCG00000027079  TGGCATTCACATCGGTTAG  RPN1  AGACAGTGGGATCTCCTCCA  ENSSSCG00000011612  GGTGGAAACATTGCCAATCTCA  TAF11 AGAGAAGAAGCAGAAAGTGGATGAA ENSSSCG00000001533 GGTTCAGCTGCTCCTCAGAA Annealing temperature for all the sets of primers was 57 C.
AnxA8, Annexin A8; MIOX, Myo-inositol oxygenase; APP, amyloid precursor protein; CLU, clusterin; ACADL, long-chain specific acyl-CoA dehydrogenase, mitochondrial; GABRB3, Gamma-aminobutyric acid type receptor b3 subunit; RPN1, Ribophorin 1; TAF11, TATA-Box binding protein associated factor 11.
separate PBS droplets covered with mineral oil. Epifluorescence imaging was performed with a 20Â/0.80 Plan Apo objective on a confocal Live-Cell LSM700 microscope from Zeiss (Oberkochen, Germany) using a fluorescence excitation wavelength of 594 nm that was read at 608 nm. The parameters were set on a control embryo and were kept for the entire experiment. The fluorescence intensity was measured with Image J as a mean intensity per picture, each picture having the same number of pixels. Background was subtracted independently from each picture. Normalized data were analyzed with GraphPad using an unpaired 2-tailed t test.
RESULTS

Ethanol Decreased Blastocyst and Expansion Rates
To determine whether a moderate ethanol concentration had the potential to cause early developmental effects, we investigated the effect of ethanol on porcine blastocyst rates as well as on the type of embryos produced. Porcine embryos were exposed to 0.2% ethanol (w/v) immediately after fertilization and remained in the same medium for 7 days, until the blastocyst stage. Ethanol caused a 43% reduction of the blastocyst rate compared with the control treatment (mean 6 SEM of 0.352 6 0.047, and 0.186 6 0.025 for control and treated embryos, respectively, P < .05) (Figure 1 ). The surviving embryos were classified according to the level of expansion. Ethanol exposure induced a 15% decrease in the expansion rate (Figure 1 ) of treated versus control embryos (0.9091 6 0.01603 and 0.7758 6 0.03845 for control and treated embryos, respectively, P < .05). This decrease was associated with an increase in nonexpanded blastocysts. Taken together, these results point to a strong deleterious effect of a moderate alcohol concentration on blastocyst rates and formation.
Gene Expression Variations on the RNA Microarray
The transcriptome of porcine blastocysts was interrogated using the microarray technic in order to better understand the molecular changes induced by ethanol (Figure 2) . Globally, 67 genes were significantly affected (symmetrical fold-change > 1.5, P-value < .05) among which 22 were less abundantly expressed and 45 were more abundantly expressed in the treated versus the control embryos. Genes for which the expression was most affected are presented in Table 2 (downregulated) and Table 3 (upregulated). The analysis of gene lists with Ingenuity Pathway Analysis (IPA) allowed to gain a better overview of the differences found in the ethanol treated embryos compared with control embryos (Table 3) . Ethanol exposure during the earliest period of life created a pattern of gene expression modulations compatible with damages to the nervous system. Simultaneously, the embryos reacted to ethanol by activating a wide range of pathways, all of them being closely related to mitochondrial dysfunction and oxidative stress defense. The predominant pathways activated were Transforming Growth Factor b1 (TGFb1) and Tumor Protein 53 (TP53). The third-highest process activated involved genes related to oleic acid.
Confirmation of Candidate Genes by RT-qPCR
To confirm the RNA microarray results, the levels of expression of candidate genes were measured in treated and control embryos (Figure 3) . Selected genes were those revealed by the microarray as being the most affected, either down-or upregulated. They were also closely related to the major upstream regulators identified by IPA (Table 4 ). The RT-qPCR results were all in agreement with the microarray results. Thus, 5 of the tested genes, Acyl-CoA Dehydrogenase, Long Chain (ACADL), Annexin A8 (ANXA8), amyloid precursor protein (APP), clusterin (CLU), Gamma-Aminobutyric Acid Type A Receptor Beta3 Subunit (GABRB3), were upregulated. One transcript, Myoinositol oxigenase (MIOX), was significantly decreased in ethanol-treated embryos compared with control embryos. Interestingly, MIOX and its isoforms were represented by 3 probes on the microarray that were all significantly downregulated. The increase of Aldehyde Dehydrogenase 9 Family Member A1 (ALDH9A1) was not significant.
Decreased Mitochondrial Membrane Potential
In light of the transcriptomic results that suggested a default in mitochondrial function following ethanol exposure, we Mean results of 8 replicates. Each replicate was conducted with more than 300 presumptive zygotes equally and randomly divided between the conditions (total of 1196 and 1421 presumptive zygotes for control and ethanol condition, respectively). The asterisk indicates a significant difference compared with the control (*P < .05, **P < .01). (Mean 6 SEM). measured the mitochondrial membrane potential in 4-cell embryos and blastocysts. Mitochondrial membrane potential is a relevant measure of cellular viability since it is a mirror of the ATP-dependent pumping of hydrogen ions across the inner membrane of the organelle during the electron transport chain and oxidative phosphorylation. Thus, membrane potential is an indicator of mitochondrial health and indicates the metabolic activity and membrane integrity (Acton et al., 2004) . The 4-cell stage is characterized by the minor activation of the embryonic genome which allows the activation of more specific and accurate self defense mechanisms. As demonstrated in Figure 4 , ethanol treatment significantly decreased mitochondrial activity in 4-cell embryos and in blastocysts. Since only non-fragmented healthy looking embryos were analyzed, the probability of measuring the mitochondrial activity of necrotic/apoptotic embryos was limited. Furthermore, the narrow error bars in both groups (control and ethanol-treated) suggest homogeneous mitochondrial activity within each condition.
DISCUSSION
The developmental disorders induced by ethanol exposure during gestation are well-known but the sensitivity of the early embryo and the mechanisms involved in its survival following ethanol exposure are still debated. In this study, ethanol exposure of porcine preimplantation embryos led to a loss of viability and activated pathways associated with oxidative stress and nervous system damage. Moreover, the specific genes affected and the observed mitochondrial dysfunction suggest that the early embryo exposed to ethanol, although not yet differentiated, behaves similarly to the developing brain of a fetus. To the best of our knowledge, this is the first study showing the toxicogenomic impact of ethanol exposure on whole preimplantation embryos. Furthermore, this study demonstrated the sensitivity of the preimplantation embryo to ethanol exposure.
Early embryos have limited defence against environmental assaults. Although having no opportunity to change their environment, they can modulate their transcriptome and activate adaptive mechanisms in order to survive (Puscheck et al., 2015) . In this study, the 45% decrease in the blastocyst rate in the ethanol-exposed group (physiological dose, 0.2%) was due to arrested development or fragmentation, probably resulting from incapacity to adapt to the ethanol assault. On the other hand, embryos that survived modulated their gene expression to reach the blastocyst stage, although with varying degrees of success. Indeed, a lower proportion of expanded blastocysts was observed in the treated compared with the control group, thus suggesting a growth delay and/or a lower embryonic quality. Overall, these phenotypic results suggest that early embryonic exposure to ethanol, a situation often observed in humans, is deleterious 
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for embryo development and confirm that the preimplantation period is a time when exposure to ethanol has a significant impact on development (CDC, 2016) . In this study, the embryos were exposed to ethanol for a longer period of time than what can be observed in vivo. This strategy was selected because of the vulnerability of the porcine embryos to additional manipulations. A change a media would have induced an additional stress that might have biased the impact of ethanol. Thus, our conclusions cannot be directly transposed to human or used in risk assessment. It could be interesting to use the same method with a dose-response and shorter exposure periods. However, our results still demonstrate the sensitivity of the embryo to a physiological concentration of ethanol and draw attention to the risk of drinking alcohol in early pregnancy. The transcriptome analysis of ethanol-exposed embryos revealed that the major pathways involved in survival were related to oxidative stress control. This is not surprising since ethanol is well known for altering the oxidation status homeostasis. The upstream regulators, as identified by IPA, suggested that the surviving embryos activated the TGFb1 and the TP53 pathways which are involved in free radical burst, mitogenesis, and DNA damage responses (Chen et al., 2010; Yang et al., 2014) . The same 2 regulators were also activated in cerebellar neuron cultures as well as in the hippocampus microglia of ethanol-exposed rat pups (Boschen et al., 2016; de la Monte and Wands, 2002) . It was suggested that the increase in the anti-inflammatory cytokine TGFb1 was a compensatory mechanism in the brain to limit the long-term damages induced by ethanol. Additionally, in vitro-produced mouse embryos supplemented with TGFb1 had an increase blastocyst growth rate and it was thus concluded that TGFb1 was improving embryonic quality. In the context of alcohol-exposed embryos, we propose that the observed TGFb1 overexpression acts as a stimulant for embryonic growth and increases the ability to survive to the ethanol-induced oxidative stress.
The global analysis of the transcriptomic alterations induced by ethanol also suggested similarities with brain damage. Interestingly, alterations of molecular pathways related to brain development are generally reported as the main effects in fetal and peri-implantation alcohol exposure studies (Jones, 2011) . In this study, we presented evidence of neuronal-like adverse effects on undifferentiated cells, suggesting that the onset of fetal alcohol spectrum disorder (FASD) could be as early as in the first week post-fertilization. Our results are supported by studies in mice that demonstrated the causal link between periconceptional exposure to ethanol and nervous system abnormalities (Perez-Tito et al., 2014) .
GABRB3 is overexpressed in the human brain following alcohol exposure (Wallner et al., 2003) . We showed here that it is also overexpressed in ethanol-treated porcine blastocysts. Similarly, a study using human embryonic stem cell lines (BG02 and WA09) as models for human preimplantation demonstrated the overexpression of GABRB3 following exposure to a low concentration of ethanol (Krishnamoorthy et al., 2011) .
Induction of the GABA A receptor has been shown to decrease the proliferation of mouse and rat neural embryonic cells (Andang et al., 2008; LoTurco et al., 1995) . This control mechanism of proliferation in embryonic tissues is compatible with FASD phenotypes and reinforces the importance of GABRB3 in the pathology.
Porcine embryos treated with ethanol were overexpressing APP, a type I membrane protein that, when cleaved, is the main component of the cerebrovascular amyloid plaques found in Alzheimer's disease (AD) (Iwatsubo et al., 1994) . A direct correlation between APP overexpression and chronic alcohol consumption exists in the rat model and thus suggests a link with the increased risk of developing AD in heavy drinkers (Ehrlich and Humpel, 2014; Kim et al., 2011) . The overexpression of APP is induced by oxidative stress, which explains its high expression in ethanol-treated cells. In addition, high expression of APP in response to oxidative stress induced mitochondrial dysfunction in human neuroblastoma cells (LAN5) (Picone et al., 2015) . As in a vicious cycle, such a dysfunction of the energetic factory induced an increase in oxidative stress and a subsequent overexpression of APP. Furthermore, its overexpression in human embryonic stem cells enhanced neuronal differentiation (Hu et al., 2013) . Altogether, APP overexpression reflects the embryonic oxidative stress in response to ethanol exposure. It also suggests a link with the development of the neural system which reinforces the similarities between preimplantation embryos and nervous tissues. CLU is a secreted glycoprotein expressed in various tissues but more importantly in the brain, nervous system, liver, and testis. Interestingly, TGFb1 increased CLU in rat primary astrocytes and mixed glial cultures (Morgan et al., 1995) . CLU is a stress response protein when there is an increase in cell injury, increased oxidative stress, and dysregulation of certain pathways (Prochnow et al., 2013) . Accordingly, it is overexpressed in human brain tissues affected by degenerative diseases such as AD (McGeer et al., 1992) . In accordance with these previous findings, CLU was barely detected in our control embryos, indicating that the stress response mechanisms were inactive. However, it was highly expressed in ethanoltreated embryos with some of our pools showing a 256-time increase in expression level compared with the control. This increased expression thus supports the idea of a stressful environment for the embryo at the very beginning of its development. Additionally, CLU behaves like a small heat shock protein as it interacts with the hydrophobic domains of unfolded proteins in order to limit proteomic damage (Poon et al., 2000) . Consequently, it can be concluded that one of the mechanisms involved in embryo survival following ethanol exposure is the overexpression of CLU in order to refold affected proteins and limit oxidative stress damage. To our knowledge, decreased expression of MIOX in response to ethanol has never been described in the literature. Surprisingly, the 3 isoforms of the gene were significantly reduced in ethanol-treated embryos, which suggests an important underlying pathway. MIOX is the key enzyme in myo-inositol turnover and forms D-glucuronate as a by-product. Further research is thus needed to better understand the newly identified relation between MIOX and ethanol exposure.
By analyzing the response of preimplantation embryos to chronic ethanol exposure, we found that the mitochondrial membrane potential was significantly reduced. A decreased membrane potential in cells usually occurs when apoptosis is happening as a consequence of oxidative agents (Li et al., 2002) . In addition to the possible decrease in ATP production and cellular metabolism, a decrease in the mitochondrial membrane potential was correlated with an increase in ROS production, one having the potential to induce the other (Wang et al., 2013) . It is well established that ethanol exposure leads to oxidative stress and lipid peroxidation. The ROS production is generated through ethanol metabolism but also by the induction of mitochondrial dysfunction. Mitochondria are a major and continuous source of ROS, although normal conditions allow for proper regulation of the oxidative status (Wang et al., 2013) . In the embryo, ROS play a role in normal development through cellular signaling and control of cellular fate. However, a dysregulation of the oxidation balance may negatively impact embryonic development (Cagnone and Sirard, 2013) .
Previously, it has been determined that ethanol exposure of human neural stem cells can negatively affect the membrane potential (Krajewski et al., 1999) . The mechanism by which this toxicant affects the mitochondria is not fully understood, although induction of TGFb1 and TP53 might be involved ACADL, Long-chain specific acyl-CoA dehydrogenase, mitochondrial; AnxA8, Annexin A8; APP, amyloid precursor protein; CLU, Clusterin; GABRB3, Gamma-aminobutyric acid type receptor b3 subunit; MIOX, Myo-inositol oxygenase. The regulators and toxic impacts are sorted according to their P-value. The Zscore infers the activation state of predicted transcriptional regulators.
Another explanation could be related to oleic acid, one of the main upstream regulators identified in our study. Indeed, in chick embryos, mitochondrial membranes were vulnerable to ethanol-induced imbalance in the oleic acid/linoleic acid ratio which negatively impacted the fluidity of the membranes (Sanchez-Amate et al., 1992; Stubbs et al., 1981) . This change in the microviscosity of the membranes was correlated to mitochondrial dysfunction and an increase in ROS.
CONCLUSION
Overall, our results suggest that the preimplantation embryo is highly sensitive to ethanol assaults and reacts by activating mechanisms that are similar to those induced in the brain. It was postulated that ethanol consumption was affecting the cerebellum more than other brain areas because of the low basal level of antioxidant defenses as well as the higher concentration of oxidization lipids (Assuncao et al., 2008) . Similarly, embryos and especially porcine embryos have a high lipid content and limited antioxidant protection. Based on these physiological similarities and on the results detailed throughout our study, we propose that the preimplantation embryo is highly vulnerable to the ethanol-induced oxidative stress and activates the same protective mechanisms as the developing brain.
We can hence conclude that porcine embryos are not only sensitive to, but also negatively affected by an early exposure to physiological doses of ethanol through several days. The embryos that survive such exposure are showing mitochondrial impairments and damages associated with the effect of ethanol on neurons in older embryos/animals/humans. We therefore believe that this pig model is an interesting avenue to explore for a better understanding of the potential harming effect of ethanol in very early pregnancy, at a stage where pregnancy is not even known.
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